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ABSTRACT

Proteomic analysis of jejunum and ileum in rats exposed to acute or

chronic fluoride dose.

The gastrointestinal tract (GIT) is considered the main route of exposure to
fluoride (F), which is rapidly absorbed from it. Exposure to this ion can generate
considerable changes in the morphology of the intestine, which can affect its functions,
leading to gastrointestinal symptoms that represent the first signs of F toxicity. In
previous studies performed by our research group, it was observed that exposure to F
interferes significantly in the expression of several proteins in the duodenum. Due to
the distinct anatomical, histological and physiological characteristics found among the
different distinct segments of the small intestine, the present study aimed to evaluate
the effect of acute or chronic exposure to F on the proteomic profile of the jejunum and
the ileum of rats. Male 60-day-old Wistar rats were treated for 30 days with chronic
doses of 0 mgF/L, 10 mgF/L or 50 mgF/L. The acute dose of F (25 mg/Kg body weight)
or deionized water (control) was administered once by gastric gavage. After the
experimental periods, the jejunum and the ileum were collected. Proteomic analysis of
both segments was performed using the nanoACQUITY UPLC-Xevo QTof MS system
(Waters, Manchester, UK), in order to better understand the mechanisms involved in
acute or chronic F toxicity, which led to the morphological changes observed in our
previous studies. The difference in expression between the groups was obtained using
the PLGS software, considering p<0.05 and 1-p>0.95 for the for the down and
upregulated proteins, respectively. Under acute exposure to F, most of the proteins
with altered expression were upregulated in the group 25 mg/Kg F vs. Control. Our
results, when analyzed together (jejunum and ileum), suggest that the gastrointestinal
symptoms found in these cases may be related to inhibition of protein synthesis by
exposure to a high dose of F, such as changes in proteins that regulate the
cytoskeleton and energy metabolism, mainly in carbohydrate metabolism. Under
chronic exposure to F, most of the proteins with altered expression were upregulated
in the group 10 mgF/L vs. control and in the comparison 50 mgF/L vs. control. In the

jejunum, there were changes in the abundance of several proteins correlated with







protein synthesis, glucose homeostasis, energy metabolism and neural functions.
Moreover, in the ileum, a decrease in gastrotropin was found, which may be associated
with diarrhea, a common symptom found in cases of F toxicity. In addition, changes in
different myosin isoforms were observed, which might have contributed to the
structural alterations found in the histological analysis previously performed. In
conclusion, acute exposure to F mostly downregulates several proteins, with emphasis
on partners involved in protein synthesis, cytoskeleton and energy metabolism, which
might help explain the gastrointestinal symptons found in cases of acute exposure to
this ion. Distinctly from which was observed for the acute treatment, under chronic
treatment with both F concentrations an increase in the expression of proteins was
observed, which might indicate an adaptation of the body, in attempt to fight the
deleterious effects of this ion.

Key-words: Fluoride. lleum. Jejunum. Proteomic analysis. Chronic exposure. Acute

exposure.







RESUMO

Analise proteémica do jejuno e ileo em ratos expostos a dose aguda ou
cronica de fluoreto.

O trato gastrointestinal (TGI) € considerado a principal via de exposi¢cdo ao
fluoreto (F), que é rapidamente absorvido por ele. A exposi¢céo a esse ion pode gerar
alteracdes consideraveis na morfologia do intestino, o que pode afetar suas fungdes,
levando a sintomas gastrointestinais que representam os primeiros sinais de
toxicidade do F. Em estudos anteriores realizados pelo nosso grupo de pesquisa,
observou-se que a exposigao ao F interfere significativamente na expresséo de varias
proteinas no duodeno. Devido as distintas caracteristicas anatémicas, histologicas e
fisiolégicas encontradas entre os diferentes segmentos do intestino delgado, o
presente estudo teve como objetivo avaliar o efeito da exposicdo aguda ou crénica a
F no perfil protedbmico do jejuno e ileo de ratos. Ratos Wistar machos de 60 dias de
idade foram tratados por 30 dias com doses cronicas de 0 mgF/L, 10 mgF/L ou 50
mgF/L. A dose aguda de F (25 mg/kg de peso corporal) ou agua deionizada (controle),
foram administradas uma unica vez, por gavagem gastrica. Apds os periodos
experimentais, o jejuno e o ileo foram coletados. A analise protedmica de ambos os
segmentos foi realizada com o sistema nanoACQUITY UPLC-Xevo QTof MS (Waters,
Manchester, Reino Unido), a fim de melhor compreender os mecanismos envolvidos
na toxicidade aguda ou crbénica da F, o que levou as alteragbes morfologicas
observadas em nossos estudos anteriores. A diferenga de expressao entre os grupos
foi obtida no software PLGS, considerando p <0.05 e 1-p> 0.95 para as proteinas sub
e supraregulada, respectivamente. Sob exposigao aguda a F, a maioria das proteinas
com expressao alterada foi aumentada no grupo 25 mg/Kg F vs. Controle. Nossos
resultados, quando analisados em conjunto (jejuno e ileo), sugerem que os sintomas
gastrointestinais encontrados nesses casos podem estar relacionados a inibicdo da
sintese de proteinas pela exposi¢cdo a uma alta dose de F, como alteragcbes nas
proteinas que regulam o citoesqueleto e o metabolismo energético, principalmente no
metabolismo de carboidratos. Sob exposicéo crénica a F, a maioria das proteinas com
expressao alterada foi aumentada no grupo 10 mgF/L vs. controle e na comparagéo
50 mgF/L vs. controle. No jejuno, houve altera¢cées na abundancia de varias proteinas
correlacionadas com a sintese de proteinas, homeostase da glicose, metabolismo







energético e fungdes neurais. Além disso, no ileo, foi encontrada uma diminuicdo da
gastrotropina, que pode estar associada a diarreia, sintoma comum encontrado nos
casos de toxicidade por F. Em adig¢ao, foram observadas alteragcdes nas diferentes
isoformas da miosina, o que pode ter contribuido para as alteracbes estruturais
encontradas na analise histologica realizada anteriormente. Em conclusdo, a
exposi¢cao aguda ao F na maioria das vezes regula negativamente varias proteinas,
com énfase nos parceiros envolvidos na sintese de proteinas, no citoesqueleto e no
metabolismo energético, o que pode ajudar a explicar os sintomas gastrointestinais
encontrados nos casos de exposi¢cao aguda a esse ion. Distintamente do que foi
observado no tratamento agudo, no tratamento crénico com ambas as concentragdes
de F foi observado um aumento na expresséo de proteinas, o que pode indicar uma

adaptacgao do corpo, na tentativa de combater os efeitos deletérios desse ion.

Palavras-chave: Fluoreto. ileo. Jejuno. Andlise protedmica. Exposigdo cronica.

Exposi¢ao aguda.
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1 INTRODUCTION

Fluorine is the thirteenth most abundant element in the earth's crust
(SHANTHAKUMARI; SRINIVASALU; SUBRAMANIAN, 2004). It the form of is
negatively charged ion, called fluoride (F), it is important for many physiological cellular
processes in the organism (YAN et al., 2011). F is present in biological fluids and
tissues as a trace element and 99% of the F in the organism is accumulated in the hard
tissues. F can also be artificially added to the drinking water and fluoridated dental
products, which together are the main source of F for human consumption (BUZALAF,
2018; BUZALAF; WHITFORD, 2011).

Because of its widely known ability to control dental caries, since the 1940°s
many cities worldwide have adopted artificial fluoridation of drinking water as a
standard public health policy (IHEOZOR-EJIOFOR et al., 2015). In Brazil, since 1974,
artificial fluoridation of water from public supply is mandatory in cities where there is
water treatment station and this is regulated by law (Brazil, Ministry of Health, Decree
n°76872, 1975; Brazil, Ministry of Health, Federal Law N°. 6050.1974)(BRASIL, 1974;
1976). However, since F is an element naturally found in water, in some cities the
concentration naturally found is above the recommended limits (0.7 — 1.2 mgF/L),
which can cause deleterious effects (WHITFORD, 1996). Among these effects, the
most known is fluorosis, which can be dental (DENBESTEN; LI, 2011) or skeletal
(KRISHNAMACHARI, 1986). A plethora of experimental studies attest that, when F is
administered to animals in high doses, distinct alterations in different tissues affecting
diverse proteins and enzymes are found (ARAUJO et al., 2019; BARBIER; ARREOLA-
MENDOZA; DEL RAZO, 2010; CARVALHO et al., 2013; KOBAYASHI et al., 2014;
KOBAYASHI et al., 2009; LIMA LEITE et al., 2014; LOBO et al., 2015; PEREIRA et
al., 2018; PEREIRA et al., 2016; PEREIRA et al., 2013; STRUNECKA et al., 2007).
Among these tissues, morphological and proteomic changes were found in the jejunum
(DIONIZIO et al., 2018) and duodenum (MELO et al., 2017) of rats. This is expected,
since most of the F is absorbed from the small intestine (NOPAKUN; MESSER, 1990;
NOPAKUN; MESSER; VOLLER, 1989) .

Several researches with different designs (in vitro laboratory studies and in vivo
animal and human studies) have shown that F has a toxic effect, which is related to
the amount and timing of exposure (BARBIER; ARREOLA-MENDOZA; DEL RAZO,
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2010; PEREIRA et al., 2018). This effect can be classified as acute or chronic (for
review see (DENBESTEN; LI, 2011; WHITFORD, 1992; 2011).

Acute toxicity occurs by ingesting a large amount of F at a single time. The signs
and symptoms related to this type of intoxication are vomiting with blood, diarrhea,
bronchospasm, ventricular fibrillation, dilated pupils, hemoptysis, cramps, cardiac
collapse, hypercalcemia, hypocalcemia and impaired renal function. In the literature,
we found both accidental and intentional cases of acute F toxicity (WHITFORD, 1992;
2011).

Chronic toxicity occurs when above-the-optimal F concentrations are ingested
over a certain period of time (DENBESTEN; LI, 2011). The main sources of chronic F
intake are water and dentifrice. Despite daily ingestion of F in the range between 0.05
and 0.07 mg/kg body weight/ day is still recognized as the optimal level of F intake, the
precise level of daily F intake able to control caries and that is not associated with
increased risk of dental fluorosis is not known so far (BUZALAF, 2018).

After ingestion, F can cross the cell membranes mainly by diffusion of its weak
acid (HF) (BUZALAF; WHITFORD, 2011), causing adverse effects by invading soft
tissues such as brain, liver, intestine, heart and lung, with several structural and
metabolic changes being observed after its excessive administration (BARBIER;
ARREOLA-MENDOZA; DEL RAZO, 2010; CHOUHAN; FLORA, 2008)
(INKIELEWICZ-STEPNIAK; CZARNOWSKI, 2010). In general, it is recognized that the
toxic effects of F are due mainly to enzymatic inhibition, destruction of collagen,
paralysis of activities of the immune system and damage to the gastrointestinal tract
(GIT) (CHOUHAN; FLORA, 2008).

Being the main route of F absorption, the GIT can be exposed to high
concentrations of F daily (BUZALAF; WHITFORD, 2011), which and can lead to
considerable changes in the morphology of the intestine, which in turn affects its
functions (CHAUHAN; OJHA; MAHMOOD, 2011; DIONIZIO et al., 2018; MELO et al.,
2017). Moreover, the complex functions of the GIT, which include mixing and
spreading food, providing digestive enzymes, reabsorption and secretion, as well as
maintaining adequate blood flow levels, depend on intense coordination of autonomic
neuronal networks (COOKE, 2000; FURNESS et al., 1995). These networks are
embedded in the walls of the intestine and are formed by the interconnection of
ganglionic and aganglionic plexuses and also over a highly sophisticated network of
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polysynaptic circuits (FURNESS et al., 2004), this large set being called Enteric
Nervous System (ENS) (SCHAFER; VAN GINNEKEN; COPRAY, 2009).

In a recent study, our research group evaluated the effect of acute or chronic
exposure to F, on the general population of enteric neurons and on the subpopulations
that express the main enteric neurotransmitters in the duodenum, jejunum and ileum.
Relevant changes were found (MELO, 2015; MELO et al., 2017). This study also
reported important proteomic alterations in the duodenum of rats treated with F. Among
them are: 1) F, when chronically administered in the dose of 10 mg/L through the
drinking water, altered the expression of 229 proteins, among which most where
upregulated when compared to the control group (deionized water), being the “pyridine
metabolism” the most affected biological process (MELO et al., 2017); 2) F altered the
expression of 284 proteins after chronic exposure to water containing 50 mgF/L when
compared with control, being “protein polymerization” the mostly affected biological
process (MELO et al., 2017); 3) After acute administration of F in the dose of 25 mg/kg
(gastric gavage), F altered the expression of 356 proteins with the vast majority of
these proteins having their expression downregulated and the mostly affected
biological process was “generation of precursors and energy” (MELO, 2015). It is
important to highlight that both under acute and chronic F exposure, the effect of F in
the duodenum was much more pronounced than that observed in proteomic studies
conducted with other organs, such as kidneys (DE CARVALHO et al., 2013;
KOBAYASHI et al., 2009; XU et al., 2005), brain (GE et al., 2011; NIU et al., 2014) and
liver (ARAUJO et al., 2019; DIONIZIO et al., 2019; KHAN et al., 2019; PEREIRA et
al., 2018; PEREIRA et al., 2013), even with similar doses of F. The most probable
reason for the higher susceptibility of the duodenum to the effects of F, when
compared to the other organs, lies on the fact that 70-75% of the absorption of F occurs
in the small intestine (NOPAKUN; MESSER, 1990; NOPAKUN; MESSER; VOLLER,
1989). Consequently, when a certain dose of F is ingested, the cells in the intestinal
wall are exposed to a higher concentration of F than the cells of the other organs, which
will come into contact only with the F that is absorbed (BUZALAF; WHITFORD, 2011).

Due to the distinct anatomical, histological and physiological characteristics
found among the different distinct segments of the small intestine (GUYTON; HALL,
2015) and considering the important changes observed in the general population of
neurons in the jejunum and ileum and in subpopulations that express the main enteric

neurotransmitters in our previous study (MELO, 2015), it is extremely important to
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perform proteomic analysis of these two intestinal segments, in order to obtain
information about the possible mechanisms involved in the alteration of the ENS by
exposure to F, which may explain the gastrointestinal symptoms caused by this

exposure.

1.1 OBJECTIVES

The general aim of this study was to investigate the effect of acute or chronic
exposure to F on the protein expression profile of the jejunum and ileum of rats, using
proteomic analyses. Moreover, protemics findings were associated with the
morphological alterations in the SNE performed in a previous study (Melo et al. 2015),
in order to provide mechanistic rationale to explain the gastrointestinal symptoms

caused by F.
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. (zastrointestinal syrmptoms are the first Sgns of fluonde (F) toxadty. In the presant study, the jejunum of
¢ rats chronically exposed to Fwas evaluated by prateomics, aswell as by morphodogical analysis. Wistar
: rats received water containing 0, 10.or 50 magFiL during 30 days. HuC/D, neuronal Nitric Codde (inNOS),
| Vasoactive Intestinal Peptide (ViP), Calcitonin Gene Related Peptide (CGRP), and Substance P (SP)

i were detected in the myentenic piesius of the jejunum by immuncfivorescence. The density of nNOS-R
| neurons was significantly decreased (compared to both cortrol and 20mgFiL groups), while the vir-iR
© wancosities were significantly increased (compared to control) in the group treated with the highest

: Froncentration. Significant monphological dhanges were seen obsarved inthe density of HUC/D-R

: newrons and in the area of SP-IR varicosities for F-treated groups compared to control. Changes in the

. abundance of wanous proteins comelated with relevant biological processes, such as protein synthesis,
; ghucose homeostass and energy metabofism wers revealed by protecmics.

Fuanride {F) is conmidesed one of the essential iements for the maintensnce of the normal cellalar processes
; the organimm and is largely employed in dentistey to control dental caries”’. However, when sxcessve amoants
¢ ure ingested. F can induce oridative stress and lipid peroxsdabion; alter mivacellolar homeostasis and cell oyde,
¢ disrupt commumication between cells and signal transduction and indsce apapeosis’.

: Mearty 25% ol ingested F is ahsorbed from the stomach as an undissocated mobecode (HF) in a process that
¢ isinversely related to pH®, while the remadneder is absorbed in the innic form (F ) from the smal] intestine, in a
¢ pH-ircependent marmar’. Due ba iy major role in F shsorption, the greincintestingd tract (GIT) is ragarded 2 the
: principal way of expasiure to F. Thus, g,ash'l!:ll.s:.mﬂ symptoms, ncndmg mogion sidmess, vamiting, diarrhe
: and abdominal pain are the firs: signs af ¥ ioxiciy” o

: The Enteric Mervous System (ENS) is ar interiinked network of neurons disposed in the intestina waEs that
: comérods the famction of the GIT". Due to its control fanction, changes in ENS affect the absorptinn, secretion,
: permzalﬁ]k::.‘m.ﬂmn:tilﬂjrnfmel:[]"’.R.emu"r.irn.n:mnﬂumucmc! techmiques revealed important alterations
¢ i the morphology of different types of enteric nearons and protecmic analysis demonstrated changes in the
| expression of severz] proteins of the duoderum af rats'" after chronic sxposare la F, providing the first msights for
the comprehension of the mechenisms underlying the actions of F on the bowel. However, the effect of F on the
. ENS and proteomic profile of the jejunum has never been reporied. Considering that esch segment of the small
| intestine has distint aatomical, histological and phyriologicel characteristios with functional implications ™, this
¢ uhdy evalumed the morphalogy of distinet subtypes of enteric nenmas af the jejumem afier chronic sxposare to
i . CQmaniitative label-free proteomics tools wene employed to evaluxie the changes on the patiern of protein profile
: of the jejunum, afier exposure to P, in sttempt 1o provide mechanistic explanations for the effects of this ion in
¢ theintestine.

: dnepartment of Bolbgicl Scinces, Bauru 5 hoal of Denmestry, Uneverstyof Sa fau b, Bauny, Bramd. Department
: of Mo hoplps nbog cad Sciences, State Unmarsity of asngd, Masngd, Srazl Correspondenceand requests
¢ raheniats s houkd be sdd s sed B0 WUA S B demad- mimralaf[Efoh. vsn b
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Material and Methods
Animals and treatment. The Fthics Committee for Animal Experiments of Eaure Dental School,
University of 5o Panle all experimental protocols (#0420 11 and #0127016). All sxperimental pro-

oscnls were: approved by, The assyys conformed with the guidelines of the Mational Research Council. Eghieen
acull male mts (60 days of life - Rattus morvegicus, Wistar type] were mndomly assigned to 3 groups (o-— 6/
group), They remained one by mne in metahalic cages, having access o water and food ad Hitumr onder standsed
conditions of Bght and temperature. The animals received deionived water (mgFiL), 1 mgli'L and 530 mgFil. for
3 days as sodiom Boorsde {MalF) dissolved in dejonized water, in order &0 simulabe chronie mborication with E
Since rodents metabalive F 5 Gmies faster than humans, these F concenirations correspond 1o -1 and 1Fmg/L in
thie drinking water of hamans". Afier the evperimental perind, the animals received an intramuescualar injection
of znestheticand masde refamant (ketamine chiorhydrate and rvimine dlorbydade, respectively]. While the mis
were anesthelized, the peritoneal and thomcic owibes were exposed, and the beart was punctured for blood ool-
lection, using a heparmived syringe. Pl was obis ned by centrifogation ai B0 g for Sminutes for queniifica-
tion of F, described in 2 previous publicatinn . Afer binod oolflection, the jeumum was collected for hastologacal,
immunioflusrescence and proteomic enalysis. For the collection of the jefanam, animal chow wes removed from
ihe andmals [ Ehours prior the euthanasia to decrease the volume of feml mzierial inside the small intestine, fcil-
itating the cieaning process for posterior processing. Afier lzparotomy, to remove the jejunom, nitalky the small
imtesting was localized, and the jefanum proximal limit was identified by the portion sfter the doodenoj sjunal
flexure that is attached to the posterior abdominal wall by the ligament of Treitz Afier inciaons i the flexne
and ligament, 20 centimeters distally to the ncision were despesed snd then £5 centimeters of the jeiunum wene
harvested for processng, Afier harvesting, the jejunum was washed with 'BE solubion applied several tanes with
1 gyringe in the lomen o remove compi etely any residue of fecal material.

Histological anabysis.  This analysis was performed exactly as described by Melo, et al V.

Myenteric plexus immunohistochemistry, morphometric and semi-guantitative analysis.
These analyses were performed exactly as described by Melo, ef al™

Proteomic analysis. The frozen jejunum was homogenized in 2 cryogenic mill (modsl 6770, SPEX,
Metachen, NJ, EUA). Samples from 2 animals were poaled and anabrses were crried oot io triplimtes. Protsn
exiractionwas performed by incubation in fysis baffer (7 M wrea, M thiourea, 40mM DTT, off diluied in AMBIC
'mlnﬁnnnmd.:r:mm:mndtmhmmmf@duldmﬂmE:T_'!:Imﬁ.natd'f:.ndﬂ::stq:-s
natznt was collected. Protein quantification was performed ™. To 5 ;L of sach sample {containing 5ij.g pro-
tein} 25 pl of 0.2% Eapigest (WATERS cabe 1560{ L8461} was added, followed by agitation and then 10 3L 30mM
AMBIC were added . Samples were incuhated for 30 min at 37 °C. Sanples were redmced (2.5 pl | 00mM INTT;
BIDRATL, cate 161-061 1) and allylated (2.5 pL 300 mM IAA; GE, cate RPN 6302 V) under dark at room tem-
peratnre for 3bmin. Mgestion was performed at 37 °C overnight by adding LH ng trypsin (PROMEGA, cad
#W 525, After digestiom, 10 pL of 3% TFA were added, mcubated for 90 min at 37°C and sample was centrifuged
(140N rpm a6 °C for 30 min). Supernatant was purified using C I8 Spin columes (PIERCE, ca2 £895870). Samples
were resaspended i 200 L 3% ooetonitride:

LC-M5/M5 and bicinformatics analyses. The peptides identification was done on a naraAcquity
LPLE-Xevo OTal M5 system (WATERS, Manchesier, TK), using the FLGS saffwars, as prevsousty described'.
Difference in abundance among the groups was abtmned wing the Monte-Carlo algorithm in the Proteinlynz
Global Server (PLG ) software and displayed as p < .05 for down-regalated proteios and £ — p= 0.%5 for
np-regulated proteins. Bioinformatics anafysis was done to compare the trested groops with the oontrol group
| Tables 51-55), as previoosty reported’” ™. The software CY TOSCAPE 2004 (JAVA) was nsed to build netwaorks
af molecudar mnbemcton between (he idenbified probeins, with the aid of (JueeGo and Cluster Marker applications.

Results

Morphological analysis of the jejunum wall thickness. The mean (-£50) thickress of the jeju-
nam tunics muscalaris was significantly higher in the 50 mgl/L (93,04 14 pm?) when compared 1o comiml
(8154 1.1 pm™ and 10 mgF/L (341 £ 1.5pm’) groups [Bonferrond’s test, p o (.05) The total thickness of the
jejunum wall was significantly lower in the 50 mpEvL (742254 7.8 pm®) and 10 mgFiL [734.4 4+ 1 B pm®) when
compared to contral (75315258 |.|n:|:] {Bonferroni’s test, p < OS)

i Hue /D — IR nevrons analysis.  When the gereral popaiation of neuron was morphometrically
analyeed. the cell bodies arens (um?) of the Hu(2/D- IR nearuas were not significansly different among the groups
{p== 0A15). In the semi-quntitative amabyses {nearonsicm?), 3 Sgnificant decrease in the density was observed in
ihe treated groups when compered with contral (pec 05} (Table 1),

Myenteric nNO5 -IR newrons analysis. The cell bodies areas (pm?) of the n¥OE IR nearons did
nat present @ significant difference among the groaps (p > 0L05) in the morphometric amatysis. As for the
semi-qmnbnbive ambyses, a decrease in the mean valoe of the density hmcmumém_h:ﬁmgﬂlm
compared with the ciher groups was observed {p 005 Table 1)

ic varicosities VIP-IR, CGRP-IR or SP-IR morphometric analysis. A sgnificant increase
i the VTP IR varicosity areas (pm®) was detected in the group treated with 50 mgF/1 when compared with the
comirod group (p < 0405} For the CGRP-IR varicoxity areas, the groups did not differ significantdy (p = 005).
Howrever, SP-IF varicosity ares were significanity moreased in the treated groups when compared with control
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Table 1. Means and standard erroos of the values of the cell bodies areas 2nd densaty of HUCD- TR and
nN0S- IR nearons and Y1P- IR, (2GRP-IR, and 5P-IK values of myenleric megrons varicosibes anszs of the
igjumurn of rats chronically expozsd ar not to {loarids in the drinking water Means followed by different Letters
ini the same line are significantty different according o Fisher's test (density HoCrD- IR and n’N05- IR nearnns)
ar Tikey's iest {oiher varmbles). p < 005 o= &

In addition, the group treated with [{imgF/L presented 2n area significanily bhigher than the groop treated with
S mgF/L (Table I).
Typical images of the mmmunaloorescences are shirer o Figs 1 and 22

Proteomic analysis of the jejenum.  The total numbers of proteins identified in the control 10 2nd 50
megFiL groups were 264, 343 and 371, respectively. These proteins were present in the 3 poodsd semplos for ach
group Among them, BI [Tabl=81], 120 {Tahle 52} and 99 { Table 53} prot=ins were umguely idengified in the con-

trod, 10 mgF/L and S0 mglil groups, respectively. In the quuntitative analysis of the 10 mgP/L w. control groug,
30 proteins with change in expression were detected (Table 54). As for the comparison 50 mgFiL vs. control
group, 4 pmirins with change n expression were fomnd (Table 55). Most of the proteins with changed expression
were upregulated im the groups treated with F when oompared with the comtood growp (21 and 33 proteing in the

treated with 10 mgliL and 5 mgF/L, Tabies 54 and 55, respectively).

Fagures 3 and 4 show the fimctinnal dassification acoonfing to the bological process with the most significint
term, fior the comparisons 1 mgF'L vi. controd and 53 mg#/L vs. contral, respectevely. The group exposed to the
highest F concentration had the largest alteration, with change in 15 functional categories {Fig. 4). Among them,
the catepariey with the highes! percentage of axsociated genes were: Calalsr respiration { f4 3%), NAD messholic
process | 10.2%]), Ooygen transport { 10.2%), Chromatin slencng (8.2%) and ER-associated ohiguitin-dependent
proiein catabolic process (8.2%). Exposore io the lowesi F concentration miluenced [2 functional categories
{Fig. 3}. The hiological processes with the highest percentage of affected genes were: Micotinamice cudeotide
meetabalic process [25%), Regulabion of neuronal symaptic plasticity [11.4%), NAD metabalic process { 15.9%)
and Positive regulstion of respanse to wounding (5.0%). 1t should be highlighted that Regulation of oxidative
siress- mduced imirimsic apoptobic Sgmaling pathway was ise identfed, with 4 5% of affecied peoes {4 5%).

Figures 5 and £ show the subnetworks created by CLUSTERMARE for the comparisnns 10 mgP/L ve. con-
tral ard 30 mgFiL vs. control, respectively. For the 10 mgF'L group (Fig 5), most of the proteins with changes
in expression mteracted with Solute carrier fomily 2, faciliteied plucoss transperter member  {GLUT G P19357)
and Small whiywitin-rehated modifier 3 (Q5EXIPE) (Fg. 3A) or with Polpabigrifin-C (634297 and Bonparion fac-
tor 2{POS19T) (Fig. S As for the group reated with 50 mgFilL; most of the proleins with dange in sxpres-
siom interactad with GLUTY (PI2357) and Mifogen-activated protein binase 3 (MAPE3: P21708) [Fig. &4 ar
Polyuhiquitin-C [Q63439) {Fg. €1}

Discussion

The small imestine s responsible for sbsorpticn af sround T0-75% of 770 As consequence, gastrointestinal
symptams, such as abdominal pam, mausea, womiting and diarthies, are the mnst common oocurrence in cases of
excessive ingestion of 7 ®. The mechanisms undertying these changes remuin o be determined. Recently, cur
grocp look ad af immunafluorescence and protecmics techmiques to evaluate changes in the deodenum
af rats a.IL:rdl.rmxﬂ.'pﬂmln F". The group treated with 530 mgF/L had 2 significant decrease in the density
of nXN0E- IR neurons: Additionally, impartant morphological changes were spen in HUC/D- IR znd nNOS- IR
neurons, 2 well 25 i VIP-JH, CGRP-IR, and SP.1H vafcosties for the gruups treated with both 10 and 30 mel'VL
Moreover, profound protecmit alterations were observed in both treated groaps. In the group trested with 1
mg L, most af the proteins with altered expression were upregulated. Om the other hand, downregnlation of
several proteins was found in the groap trealed with the highest F concentration .

Mlamy proteins nbserved in the previous study were correlated with the newrotransmmission process, which ia
eseniial for the function of the GIT through ENS conéral. Por exsmsple, the patiern of mt=stinal smoath muoscle
mmmmcm'ben:nchﬁ:dw}mhﬂmdwmmxmmdmmud:cmuumsuﬂzxﬂ?ﬂ
is increased or when the relense of newrotmnsmitters promoting miusscle relaxation, sach as MO, is decreased. In
ithe present stady, both comditbions might have occormed, because we foand 2 significance increase and decrease i
\be mean vaboes of the 5P varicosities area and the dencty of nb5-1E newnons, respectively [Table 1], which is
in accordamce with our previous findings for the ducdenum". This finding can be also assndated with the sgnif-
icant decreass in the density of HUC TR neurons {Table 1), and it comld contribate bo the méestinal discoomdort
and symptoms, sach as abdominal pain and diarrhes, observed upon excessive exposure to F.
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T rocess. Terms sgnificant | Kappa = [0} aned disted n according to percenitags
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Figure 4. Punctioral distribution of proteins idsniified with differental syprescion in the jejumom of s
exposed o the chromic dose of 50 mgFL v Comtrol Group (# mgF/L). Categories of proleins based on S0
annatation Biological Process. Terms significant {Kappa = 0.04}) and distribation acconding to percentage
af number of genes associzton. Prnmsmummhermptmmdndhrm'ﬂugﬂnmﬂngym
evaluzed acconding to ClueGo™ pluggins of Cytoscape™ saftware 30,05,

muinterance, development and plasticity of these neurons_ Similer increass in the thickness of the intsstinal
wall and turdca reuscularis have been reporiad in the ducdenom and jejonemm of rats f2d with a bagh et diet foc B
weeks, where morphalogical alterations in the general population of enteric neurons and in the nitrergic popu-
latiom were also detected ¥, emphasizing that intestina physiology comprises muny inferconnected mechanizms.

As in our stindy F caused morphologicd alterations-in different enteric meuromal sohiypes, which presemt
several neurntransmitiers imvobved in the GIT matility, it is posshle that these alterations affec the GIT function,
and promiode the important spmptomatology of F toxdcity on the GIT, swch 2 nhdmn:] pm.n.lnd.d.tm'l‘ui
We abso belisve that our resulis ore qaite relevant regarding the EN5, since mechan Eiom
wmmwmmmhuﬂfhmmemﬂMmmm
as observed in several importent pathologies™ and also in our study. Thus, in order to better investigate these
firidings fmvnbving the enteric innervatinn, we perfarmed the prodsomic analysis,

'ﬂ:epmd.emc approach revealed for both F doses that the majority of the proteins presenting changed
expression mieracted with Soluie carrier f@mily 2, forilieted glicoss tronsperter member f (GLUTA) {PES35T) and
Poirmbiguitn O 63429). In the network comparing 10 mgPfL v control groaps, 17 memibers of the Ras-reluted
Rab prodeins (isoforms 1A, ER, 34, 3C, 30, 44,48, 34, BA, BB, 10, 12, 14, 24, 35, 37, and 43) were uniquely found
in the growp treated with 10 mgF/L (Tahle 533, despite some not being present in the oebwork. The GTPases
Eab proteing zre known s key regulators of intracelular membrane trafficking, from thie formation of transport
veaicles in their fusian with membranes. Rabs modualate bebween 2n macimee form (G DB bound) and 2n achve
form (GTP-bound). The Jatier can aitroc to membanes dsfinct downsireamn effectocs that will lead) bo vesicle
formation, movement, lethering and fusion (UNIPROT) Generadly, many studies report. Bab proteins os mole-
cules present in the C865 and their specific mis. Although mariked difierences distinguish the nenronal fumction
hetween the ENS and CNS, their similivities allow the use of some principles exablished for the brin eoviron-
ment to e reapplied in the enteric contest™ Several cellular processes can be altered and promaote the enteric
nenroml alerations cansed by F efects throngh mechamivms mmibving the Rzb prateins, which are considered
newonal regalatoes tovolved in the traffic and signaling of different modecoles that promote newrons homeostasis,
sizch as the neurotrophins family of growth Bctors. The newrotrophins-recepion complexes tigger important
signafing pathwars that promote deveopment, survinal and other nenmnal functions throngh intracellvbr tams-
port mechanioms medizte by the Rab proteins™.

Rah LA 5 2 regulsior of specific vesicolar rafficking from the ER to Golg compler, and in dopaminergs:
newnoms By expression preseois a protective sfed enhancing the controd of modos function in sarviving Deunons
of hemdparkinsonian animals™. From the fimity of the Rab 3 proteins, 3 bers were in the [0 mgF/L
group, Rab 34, Rab 30, and Hab 30, The Rab 3 family is nhandmdﬁm::ﬂbrp-smh:ghum
function"!, in which they function as esoopioss regulators™ correlated with neurnnal traffic'™, and are present in
mmumuummrmﬂ.mbuummmmﬁmhmm
where il presents 2 modulatory function in synaptic membrane fusion thrugh a Ca™ -dependent manner®.
In the peripheral nervoas system Rab 3A has moreased expression in sciatic merve lesion area associated toan
increase in the expressan of two other important proteios that contribule o neurctransmissdon, symapiophysn
anid symapsin [*. Rab 3T is highty expressed in primary hippommpal newmns, mediating regulated srocrns®,
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Figure 5. Submetworks created by Clusterbark™ to estabfish the meeraction betwesn proteins identified with
differential expression in the 1 mgF 'L groap in rdation to the control groap. The color of the nodes indicales
the diferential expression of the respective named protein with its oocess oode. The dark red and dark green
node indicate proleins umgoe o the control and legF'Jlguupa.rzrp-e:h'rd;'!’h:nudumm indicaie
the interadtion proieins that are offersd by CYTOSCAPE®, Mmm:&mﬁdm&mm
and the Bght red and light gresn nodes indicage d latinn and up a, respectively. In (A), the
access numbers in the gray nodes correspond o: Egmrquﬁl n’nml‘ cﬁ@'ﬁmmr[?ﬁi]?‘l]:l Fuoly JADP-ribose]
palymemss § {PZTI0E), E3 wbiquiti protein Gpess ANF4 (O838446), Small ubvguitin-refated modiffer 3 (Q5XIF,
Nicsharin (QRGI1T), Heteropemenms nieckenr nibomuclengrodera K {Pa1980), Permrorsal bifunctfon] encyme
POTES), Lethal{Z) wieet [arvae proters komofog | (QBKAKS), Rab CDP dissscition mhifitor alpha {PRO39E)
and Softr corrier family 2, feciitaied glecore tronsporier reereber  {PES357). The access pombers of the undgue
pro&ens of the contral {dark red nodes) cornespond toc Acondiate fpdrotass, mmilodmdrin (Q9ER3), Criodhrome
© wuciclase smbuni 4 isgform [, méfedhondris! (P LOBAB) and NADH ddidropenese fubiqmone] flovoproieian 2
mitochomadrial (P 19234). The 2ccession numbers of the unique 10 meF/L{dark green nodes) proteins cormespand
tee Aspartyl armapeptichass {QAVEHS), Ban-relsderd protein Rob- LB (PI0534), Vipdin (Q8Z 1AS), His-relobed
protein Bak- | 2{P3584}, Ras-releded protein Rob- 10 {P35281), Triosephosphate isomerace [PAES00}, Annexin AZ
{Q07936) and s rebmted protem Rab-1 4 (P61107). The docess numbers of the downregulated proteins (Hght
Ted nodes) cormespond in: Miise debpdrogenass, mritodhondrial { PISG636), Glatathions S-transferase F {PHB06)
and Histone H4 (P62EM). The accession numbers of the apregulated proteins (hght green modes | comespond
o L-lactmir difepobropemae A deain (PO6E2). In (B), the scoess numbsers in the gray nodes correspond in:
Prodetm Sl (D3ZES), Potvabigudin.C{Q63429), Apopiosdcindurimg facior |, miteckondrial {C0]M53), Prodein
dlegfvcase DF- 1 (O88T6T ), RAC- beda serimethreonime- protem kovase (P47 197}, RAC-alphs sermeftireomine- prodein
ke { PET156) and Cap fanction: aigisa- | frodein (PIE050). The access nombers of the onique protems of the
combrol {dark red nedes) cormespond W Vinculm (PE5972), Exkaryotic itiatios factor 4A-I (QFREIL), Malate
cyfopimmeic (O88585) and 405 ribosomai proteim 516 [ PEI526). acceson mumbers of the
nnjelﬂmgl-'.’udaﬂ:pmuuda]p!m ke Elrpoition fector 7 {P05197) and Sodfam- and
chinride-deperdemt CARA frporier 3 {P31647). The access rumbers af the downregalsied protens {lght red
nodes) correspond toc Feprid iyl prsipl cie trans somermse A (PLOLLEYL

while Bab 3] is present in secreiory granndes and vesicles of ather cell types, such as sdipocytes, evocrine glands,
hematopnietic cells*, and low levels of expressicn were already identified in the dundenun, confirming s pres-
ence in exocrine cells of the GITY.

The Rabs 44 and 48 were alyr-identified as excinsive for the 10 mgl/L. and Rabd is described as o regulator of
early endosomes in the symapses, contributing o nenmotmnsmitler receptor recycling through endosames octing
associzied b other molecudes in the later sbeps of the endocytic recycling pathway in dendrites, directing the neo-
ranal membrane receptor trafficking™®. This process is exiremely impariant for the delivery of neurntransmitter
Teceptors intn the synaptic membrane, determining the synaptic fanction and plasticity. Rah 54 presenis a rofe
in axonsl and dendritic endocyiosis, contributing to the biogenesis of synaptic vesicles™. Rah 8 presents the same
Tole 2s Rab 4, being requined to direct into synapses nearotransmitter receplon s the AMPA-type gloinmater-
g:m:mpmnngmmm role in the control of syoaptic fanction and plasticity a1 the postyymaptic
membrane™.

R.a.hiﬂumq\n_-edﬁn the secretion of neurcpeptides throwgh (he releses of dense cone vedces, which iz a
mechanizm that modulstes newronal activieyE. 1t m also a regudsior of membane trefficking doring dendrite
marphogenesis, and loss of RAR 10 decreases prommal dendritic arbortzation in the mudti-dendritic PV neu-
mans™. I the CHE Hab 12 is oodocalized with M9SK, and overexpression of the Istter induces cell death i retinal
il cells, while knockdown of Rab 12 reduces MO8K -induced cell desth in the same cells throagh the astophagy
mechanism™.

Hah 26 promodes i the brain the formation of duasters of vesickes in nearitis™, and the zuthors suggest 2 new
mechanism for degradation of symptic vesicles in which Bzb 26 selectively condocts synaptic and secreiory
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Figure 8. Subnetworks created by ClusterMark™ 1o establish the interaction between proteins identified with
differential expression in the 50 mgFil group in relation to the control group. The color of the nodes indicates
the differential expression of the respective named progein with its access code. The dark red and dark green
nodes indicale proieins undque to the contral end 50 mgl'L groups, respectively. The nodes in gray indicaze
the interaction proteins that are affered by CYTOSCAPE®, which were not identified in the present stidy and
he ight red and Eght green nodes indicate downregulation and wpregulabion, respectively. In (A}, the access
numbers in the gray nodes correspond fo: PTEN nduced podative kinose ! {Predictead) {D3Z9M%), .lenpt-
activaled protein kimase 3 {FL1708), T-complex profein { subumt beda (QSXIMY), Gap funchion alpho- | pro
{POSOHY, Cortilage sdipnmeric matrix prodein (P35, Acll cemmidlase [OEPTE 1), Inkeprin uﬂ;&hﬂ-?l’ﬂﬁ&lﬂr.
Strec 70 proteim, putachomdriel (P48711), Selute carrier fomily 2, fciifodsd plucos: imnsporter mersber 4
{PI19357), Histeme H3.! (QSLETN), Heteropeneous nacfear ribonsfeoprodein K [PS19EN), Ankyrin.3 (OPUS11),
Plectin (P30427) and Amiprine.3 (051 1-T). The access numbers of the aniqoe proteins. of the control (dark
red nodes) correspond to: Malaie defredropenase, cytoplasmic {OBBSE5), 405 rbosomal prodrin S10{PG3326),
Eskaryotic indfation factor #4-1 {5RKIL) and ¥imculin [PE5972). The accession oumbsess of the unique 50
mgF/L (dark green nodes) protsins cormespond to: Tektin-2 (QEAYMI), Mitochomdrie Ssion [ proteir (F84E 17
und Paraiemmein- 1 (Q¥1000). The access rumbery ol the downregalated proteins (light red nodes) coerespond
1::]'&.:1‘:!&:]{!.‘\. type 2-A {POCCDY) and Histome H2A Z {POCOST). The accession nambers of the upregulated.

proeeins (ght green nides) correspond to0: Hemoglobor sabumit bet- { {PO20%1) and Hemoglobin sabumnit
aI_phn'—l-'"[N]'!lGL In (B}, the sccess mummbers o the gray nodes oocrespond to: Podyabigutin- C (Qd3429),
Protein Seil {D38EER) ¢ Glacocortiooid recepior (P65 36} The oocess numbers of the mmique proteins of the
comtred (dark red nodes) correspond to: Hesd shock protein 730D, miochomdrial (Q5XHEN, Cyiachrome
¢ oxidese rufurt f foform |, mtechomatrind [P 1O883) and MADH defrpdropemare finbigutnone] flavaprodein
2 mmitochondrial (PES23). The accession meambers of the smgle 50 mgF/L (dark green nodes) protems
correspoad to: Milopen-activeted prafein kinsse 4 {Q6M5), Symaptic vesicie membrare protein VAT-1hamaiag
(QIMIEL), ATP-dependeni 6-phospfofructobinase, Sver hype (PHE35), Tisne afphs-L-fucosidase (PI7164) and
Perouciredamin-o (335244} The access mombers af the downregulated progeins (Hght red nodes) correspond
toc ATP spnthase swbunif betn, m.ﬂ'n:i:m-#mf[l’]ﬂ?iﬂ] and & Histone H24 fepe [-F{Q8d508). The accessbon

hers ol the upregulated pr Might green nndes) correspond o2 Tishuli beds. 2A chaoe (PES10E)

vesicles inin preautophagoscmal stroctures: In newnonal immortalmred cdls, Hab 35 promotes neurtie differentia-
tinn and favors azon elongation in rat primary ceamaos in an actvity-dependent manoer™,

The fact that several members of {the Rab proteins wers expressed evdusvely in the 10 mgFil group might
indicale that this F concentration cowkl affect the newromal femctions, snoe different Rab profeios regulate dis-
tinct processes in the neuronal eovironment. Smce the 10 mgFiL concentration ansed a decrease in the entenc
newromal density, which can compromase the entenic nearonal activity, the expression of several Rab proteing cn
reflect an stiempt 1o keep the nenrolransission unalfered in the presence of E Bexides the neoronal sctivity,
other imporiant binlogical mechandsms immive the Rab prodeing action. In the network camparieg 10 mgF/L
vs. comtrol groaps, the isodooms 18, 10, 7 and 14 inleract with GLUTY, and especially Bab [ and Rab 14, are
required in GLUTS transiocation o the plasma membrane™ . Their increased expression might help to explain
ihe increased sensitivity to insalin recendly reported bo oocur in rats with dishetes induced by strepiosotocn
exposed o 10 mgP/L in the drinking water™. The increasad expression of Rab [0 and Rab | 4 might fecilitate
giucos: uptake. Bab 37 and Rab 34, slse present among the proieins excusively expressed in the 10 mgHL groop,
are imvalved in the insufn release. Bab 34 has an imporizant role in the haormone release from pancreatic 3-cells
with a regulatory contral on msalin-contxiring secretion™. Bab 37, with a ligh ssguence homology with Rab 34,
has abso been reported o partiopate in regulated secretion in mammalizn cells in the control of msslin exocytosis
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through a different mechanism of Rah 3A™. Acconding to the authors, impairment of Rab 37 expression may
comiribute to shnarmal irsulin refease in pre-disheticand diabetic oconditions. We can infar that the srpression of
both proteiny indicates that the imsulin release mechanism coold be altered with this F dose. We also ohseresd an
increase in L-lociafr detparopenose A deam (LDH) (P44 ) upon exposure to [0 mgFiL. This enryme cooverts
pyravale to hotate with regeneration of WAIVH into IAD . It is an altemative way Lo supply the ladk of oxygen
for aerobic oxidation of pyruvate and NADH produced in ghycolysis®, In fact, the categories nicotinmmide node.
obide mestahaolic process and NATY metabolic process were among the ones with the highesd percentage of affected
genes when the 0 mgl/L groap was compared with comtrod. Previous stifies bave reporied increase i the LDH
activity in the serum of infants who consemed water containing mare than 2 mgF L™, T wes also overerpressed
in the brain of rats trealed with & When pyrate is converted into laciate by LTV, less pyrovate is ovailable
o emler into the mitochondria and form acetyd-Cod, which is consistent with the reduction of Mxlalr ddrpdro-
gomase, mitnchondric] {POS636) and of enzymes relabed o the coddative phiosphoryiabion, such as Cyfoechrome
¢ owidme smbumil 4 isaform [, mitachondrind {PLIBEE} end NADH defpdropenase {mhiqmirone] fmoprotein 2,
mifachondriaf [P19234], According o Harbeer, of al.’. ¥ has an mbibiiney effect oo the activity of circ acid cyde
enrpmes, in agreement with our finding of reduction in Malate dehwdropemase, mitochondriol. Anather protein
with altered expressian { downrzgulation) in the group treated with 10 mgF/L that interacts with GLUTd was
Clutmiivione 5-transferase P {PO206) that was dlso found downregulated in the duodenum ol rats treated with the
same dose of FY. This enzyme is involved in the membalism and detoadficalion of Tenpbiotics™. Wy proteins
with alirred expression in the nefwork comparing 10 mgFL . control groups interact widh Pobrebiguitin ©
(063479}, a highly conserved polypeptide that is covalenily bound in other cellular proteins to signal processes
such as protein degradation, protein'protein interaction and prodein intracellnlar traffcking™. Among them are
proteims refated o tramsition, that were absent in the group ireaded with 0 mglVL, swch as Emkaryodic Snitimtion
fmctor dA-IT [CSREI) and 405 ribosoneal prolein 510 {(P63326). The latter was also reduced in the group trested
with 50 mgP/L bath m&:mﬂﬂdﬁlﬂlmdmam:hdvﬁmdlm&ﬂmmam}pﬂi" In addifion,
Peptidpl-profpl cis-trams fromerase A (P10111} was reduced i the group trested with 1 mgFfL compared o
comtrod, which might fmpair protein folding. Alse imvolved m prodein synthesis, Elongmion factor 2 (PMI5197)
presented sltered expression upon exposure o 10 mgPiL This protein was present ooly in the group treated
with |0 mgF/L, and catabyzes the 3T P-dependent rihosomal tanslomtion step during translation elongation
{UNIPROT). DEfferences in expression of 21l these protring mdiote alerations in distinct steps of protein synghe-
sis pan exposure io [ mgHL Changes in proé=in synthess meght belp io sxplan the aberations i the thidkosess
af the jeunum wall chserved in this groap. Interestingly, Fongpation facter I irderacted with two of the 3 isoforms
of the protein kinase AKT, namely HAC-alpha serine/tfireomine-protein bmase (AKT L P47196) and RAC-beta
serine/ threomine-profein kingse {AKT2; PAT197) that mediate protein synthesis and glocose metabaolism®™.

In the metwork comparing the 30 mgFrL ve. control groups | Fig. &), some proteins with reevance for the oeo-
ranal homenstasis were exprecsed umiguely in the 30 mgliL, such ax Tekbtin-2 (QSAYMI), Perfoerin- ! (QSFVES),
and Milockomdrial fission § protein | Fesd-PR4BITL. The Tektins family has significant expression in adult brain and
in embryonic stages of the choroid plexus, the forming retina, and olfactory receptor newrons, and can be consid-
ered o molsculer target for the comprehension of newrl development™. Although not present in the sabmetwork,
Perforin participates in the COE* T celis respomse, promating granale cytoinaicty kading to o fast cellular necro-
xis of the target cell in minutes™ or apopiogs in a period of hours through 2 mechanism in which the target call
tﬂﬁaﬁhw‘ﬂtpﬂ{mﬂbdﬂ:\ummlﬁ:m Uking thess mechenizms pedonn-dependent,
CDE* T oells p neurcoal i i infl ooy U discnders™.

hﬁh:cbnndndﬁmuumm:dmﬂmcd]-ﬁ:ﬂhhm@ & paithway that imvabees caspase activation™, and
Mitodhordrial fission | prodein (Fial] is considered essential for mitochondsial fission™. Chverexpression of Fist
caused increase of mitochondrial fragmentation, which conducted to apoptosis or triggered amtophagy ™, and
neuraprodective efiects are carrelated with inkihition of Fis]™

The fact that thess proteins p trd incressed sxpression in relabion io the controd groap can reflect F oeo-
rotaxicity on the ENS with the concentratinn of 50 mgl/'L. and coold result in the decrease in the density of the
geners populstion of nenmns since these 3 proteins are involved in patbways that conduct to cell death by dis-

(Mher proteins with altered expression interacied mainty with GLUTA (PI9357) and Pofyuliguin ©
(639, which was alea observed for the network comparing the [ mgFPflL ve. contral groups {Fig- 5] In addi-
tion, Miopen-actvated protein kimase ¥ { MAPES; PZIHIR) was aley an int=racting partner as in the duodenmm
ol rals treated with the same concentration of P in the drinking water'?. Among the proteins that interacted with
GLUTA, Peroxdredioorin-o (335244) was present andy in the groop trested with 5 mgFiL, when compared with
comirol [Fig. 6). This eneyme. located in the cytnpizm, protects cells againss aridaiive stress, in addition o mod-
ulafing intraceliular ggraling pathways. Perooiredoonns catabyre the redaction of He and bydrocyperoxide in
water and alcohnl™, Thas, changes in thess proteins expression coald be finked to fAuoride-indoced oxidstive
stress that bas been extensively described in ihe lierature™ *_In the groop trested with 50 mgF/L there was
a remarkable downregalation in several isaforms of Hisinoes, in comparisan with control (Fig. 6 and Table £5).
The mujor role described for histones is INA “packaging”, however, it is also well described that these proteins
comfer variatinns in chrematin structure t snsare dynamic processes of tramscriptionsl regalation m sakar-
yoles™. Epigenetic modifications af DMA and histones are fundamental mechanismas by which nenrans adagt
ihisir tramscriptiomal response to developmental and emvironmental factors. Modifications in the chromatin of
nearons contribute dremiztically to changes in the neuronal crcuits, and i is possible that histane activity is

Ived in disorders that compromise neuwronal fanction™. Thus, changes in the expression of histones might
have contributed {0 the altemtions found in the morphology of enteric newrons in responee to P exposare. In
addition, strictural muscle proteins sach as different moforms of actn and mycsin were increassd or exciusive
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i the group treated with 50 mgPrL (Tables 53 and 55}, which helps to explain the increase in tbe thidmess of the
jejumim furica reuscuioris

Probahly the most remariahle finding of the present stody was that when the groups treated with 1 and 50
mgFiL are compared with condrol, some proteins related i0 energetic metaholivm presented similar alterations in
expression, regarddess the dose of . such as: Cwodkrome ¢ oxidase swhumit  isoform [, mitochomatrial {P10B8E),

NADH defnadropenarse [ubiqummone] @avoprodein 2 mitachomdriod (P1923), Malate defrydrogencee, miodaom-
drial {PUA3E, Molre dehpdrmpemare, cytoplosmic (D88989) and L-Inclote debpdrogenase 4 deain (PME4T). The
absence of Maladr defrpadropemace, nnfoc.h.urrd'm]'im!-ﬁ] .Hn.hk d.:kydmm cptoplasmic [(DSS9EY), that
form oxaloacetate, absence of NAIDH dehyd; 2, mtochondrial (P19234) that
'Iﬂm'fznd.:cmnu[mmNﬂ.DHhrWrd:mmhﬂhpmpsumcdwﬂﬁFuwdluﬁumﬁ:mdﬂ]?
synthase subimit heta, milochomatriad (P LOT19) {andy in the group treated with the highest F dose], o well as the
increase tn L-doctmle dehyelropemees &4 chain [ PME47) in both groups trexted with F indicate an mcrease in anser-
n&mﬁﬁmhmmhmm:mﬁmﬂmnm:ﬂmhm:nf?}m
the rate of production af ATP through tways is much kower than that of armobic pathways, which is
mhmhhmﬂrﬂ:ﬂmuhmdﬁnmhﬂ:pmlm.-lnhl.g:]:dnusw It is tmpor-
tant to highlight thai these changes in the expresion of protrins asodated 1o energy metzbolism indaced by
exposure o 10 and H mgFiL in the drinking waler are mare pronounced than those oheerved previousty in other
organs exposed to roughly the srme doses of FE£88-8_ Theg might be due to the fact that the small intestine is
respansitie for the absorption of arvund 75% of ingesied F, which makes the cells of the intestinal wall expossd
o higher doses of F than the cells from the other argans.

In conclusion, chronic exposare io F, especially to the highest concentration evaluated, increased the thick-
mess of the fuica muscuiorés and altered the pattern of proten expression. Extensive downregulation of ssveral
isaforms of histones might have contributed 1o the alterations foand in the morphology of enteric nearons m
response bo Fexposare. Additinnally, changes in proteins invohed in mergy metabaolism indicate 2 shift from aer-
wohic o anserobic metabalism apon expoaure to the highest F concentration. These findings provide new insights
it the mechanisms imvolved in F boxicity in the inlestine.
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1. Introduction

FAuarine is one of the most abundant elements inthe eanth's crust
[Shanthakumari e al, 2004) and i5 found in its ionic form {Aucnde;
F} in biological fluids and fiszues as a trace element. in two different
forms: imorganic and erganic, being %9% acrumulated in hard dsspes
[Suarez et al, 2008, Fiswidely usad asa therapeutic agent agains car-
iesand can be found natually in sal and water or in controled dosssat
water supply stations (M Donagh e al, 2000; Waong ot al_, 2011 ). How-
ever, stisdies have shown thatexcessve intale of F can lead to side oF
fects (Buzalaf et al, 2013; Whitford, 1996; Yan et al_, 2011) perceived
at the molecular level [Armujo atal, 2014; Barbier et al, 2010) aswell
as at the tizae level in several organs and stroctures, such as skeletal
muscles, brain, spinal column (Mullenix et al, 1995), liver [Dicnizio
et al, 30149; Pereis et al, 2018; Pereira et al. 2016; Pereim et al.,
2013) and gt {Dicnizio et al 2018; Melo et al, 20M7).

The towic affect of Fis related to the amount and duration of axpo-
sure [Amujo etal, 2019; Dionizio et al, 2019; Pereira etal, 2018) and
can be classified into acute or chronic (He and Chen, 2006
Shanthakumari etal, 2004; Whitford, 1902 Aoste oty ooours by
ingesting a large amount of F at a single time (Whitkrd, 2011) Most
of the shefies evaluating acute F exposure report the effects at the mo-
lecular and histological levels in the kidney [|imenez-Cordova et al.,
2019; Mirsul et al, 2010; Santoyo-Sanchaz et al, 2013} and heart
[Mirasi eral. 2007; Panmeersehvam etal, 2019), Considering that the
gastrointestinal tract (GIT), especially the gut, is the main respaonshle
for the absomption of F (Nopakun o al., 1989 Whitford, 2011;
Whitferd and Pashley, 1984 ), gastrointestinal manifestations ame fre-
gquently reported in cases of acute F intoication, such as vomiting
with blood and diarrhea. These manifstations can ooourin cases of pro-
fesdional application of F for cares prevention, especially in children, as
well as in cases of poisening [ Whitford, 201 1). However little is inown
regarding the eflects of acute F exposure in the GIT at the molecular
level_This knowled g is impartant to allow an adeguate treatment of
patients submitted to acute F intoxication. In this snse, the presant
study attemptad toshed light into the moler ular mech anisms unday
ing acute F roovicity, by performing morphological analysis of the intest-
nal wall and myenteric neurans, as well as proteomic analyss of the
Jejunum and fleum of rats, afer acute exposure to F.

2 Material and methods
27, Animaks and meatment

The work was performed on twe e adult male raes (60 days of life -
Rathes norvegics, Wistar fype |, The ani mal swe e i ndividually housed in
metabolic cages, with ad [ibinem access to deionized water and low-
fusoride chow for 30 days. The illumination (12 hlight/12 dark howrs)
and the ambient temperatu re were controfled (22 4+ 2 °C). The animalk
wer randomly divided into 2 groups (n= & per group | according with
the treatmant thay received by gavage in the last day ofthe experiment.
The experimental group received 25 mgF) kg body weight as sodium
fluonide (NaF} dissaved in daionized wat er, whila the control group re-
ceived deionized water. As rodents metabolize F 5 tmes faster than
humans |Dunipace et al, 1995], this dose of F cormesponds o
=5 mkg to humans, which comesponds to the probable toxic dose
(PTD] (Whitford, 200 1) After the treatment pericd, the plagma was ob-
tained by centrifugation of bood at 800z for 5 min fr quan i fication of
F, as previously described { Melo etal, 2017). Then, the jejunum and

fleum were collecied as described by Dicnizio et al (2018, for morpho-
logical and prodecmic anahyss. Briefly, animal chowwas emaoved from
the animals 18 h prior to euthanasia, to reduece the volume of fcal ma-
terial inside the small intesting, thus making easier the cleaning process
fr pastenior analysis. After identifiring the ducdenajejunal Raxure, ane
incision i made Arund 20 cm o were despised and then 15om of the je-
Jjumumweere hanested. After Jocalizing the cecum, tw incisions weme
made to collact the ileum: one in the anterior porton of the ileocecal
vahe and the other 10 cm proximally to the frst one. The jejunim
and ileum segments wene washed with phosphate buffered solution
several time s to remove resid ues of fecal material All experimental pro-
tooods wene approved by the Animal Experimantation Ethics Commit tee
of the Faculty of Dentistry of Bauru of the Unjve rsity of S30 Paulo [ pro-
tooods 0142011 and 012,2016)

22 Histological analyss and myenteric plexies immunahisiochenusry,
marphometric and semi-juantinnte mafsic

These analyses were parformed exactly as described by Melo at al.
[2017T)

23 Promsomic and Hainformarics aialyses

Thi frozen jejunum and ileurn were homogenized ina cryooenicmill
[mdal 670, Spex Metuschen, M) EUA) Samples from 2 animals were
pocled and analyses were camied out intriphicates, exactly as previoushy
described [Dionizio etal, 2018). Briefly, protein extraction was per-
Ermed by incubation in lysis buffer {7 M urea, 2 M thiourea, 40 mM
DTT. all diloted in AMBIC solution] under constant sirring at 4 "C.
After centrifugation at 20817g for 30 min at4 "C the supematant was
collectad and total protein was quantified (Bradford, 1976, To 50 pl
of each sample [containing 50 pg protein) 25 gl of 0.2% Rapiges {Wa-
ters cat#186001861) were added, followed by agitation and then
10pl 50 mh AMBIC were added, followed by incubation for 30 min at
37 °C Samples were then reduced [ 100 mM DTT; BieRad, cat 161-
0611) and alkylated {300 mh 1AA; GE, cat¥ RPN 6302 V) under dark
at rosym e perature for 30 min. Digestion was performed at 37 "Cover
mightt by adding 100 ng trypsin | Promega, cat# V5280 | Then 10 plof 5%
TFAwene added, samples wera incubated for 90 min 3137 "C and centri-
fgad {20817 gat & °C for 30 mdn ). Supernatant was purified using C 18
Spin colunns {Aerce, cat #80870). Samples were then reaxpendad in
200 pl 3% acetonitrile.

The peptides identification was performed on a nanoAoguity UPLC-
Yavo OTef MS system (Waters, Manchester, UK, as previously de-
afibed [Lima Leite ot al, 2014). The Protein lym: Glohal Server
[PLCS) software was usad to detect difference in expression betwean
the groups, which was expressad as p- 005 and 1-p = 095 for down-
and up-regulated proteins, respectively. Bioinbrmatics analysis was
performed for comparison of the treated group with the control group
[Fahles §1-52). as earlier reported { Bauer-Mehren, 2013; Lima Laite
et al, 2074; Millan, 2013; Orchard, 2012). The softwame CYTOSCAPES
3004 (Java® ) was employed to buikd nenserks of molecular interaction
between the identified proteins with the support of Csterbarken®

application
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3. Results
3.1. Morphalogical analysis of the jejumem and ilepm wall thackness

The mean [ +50 | thickness of the tunica musculan swas significantly
decreasad in the treated groups of jejunum (90,1 + 1.9 pm*jand ileum
{1340 4+ 25 pm’] when compared with the mspective controls
(1164 + 3.7 ygm* and 2236 + 7.8 pm') (Student's t-test, p < 0.05).
The @ame was chsernved for the mean [ +50) total thickness of the
wall, which was significantly red uced in the teated group (T565 +
129 pm* ] when compared with controd [T84.1 + 17.1 po®) for feum
(Student’s -2t p= QL05)

3.2 Myenteric reumas Hul/D - IR anafyss

Im the morphomet ric anatysis of the general population of neurons,
after treatment with fluonde, the cell bodies areas of the Hul/D-1 new-
rans of the feum {wm®) were sienificantly increased, but no significant
changes weme seen in the jejunum (p = 006). In the guanttative anahy-
ses the treated group presented a significant decrease in the jejunum
bt was not significantly alteredin theileum (p=0.05) [Tabdes 1 and 3}

3.3 Myenterc neumns nhOS IR analvss

Ini the morphometric anabysis of the general pepulation of neurons,
the cell bodies areas of the nNOS-IR neumns {pm®) wene significantly
increased in the jejunum and significantly decreased in the ileum, in
comparnison with the respactive contmds [p < 005}, In the guantitative
analyses, significant decreases were ohserved in the treated groups in
respect to contml, both for jejunum and ileum [p < 0005) [Tables 1
and 2}

34 Myenterc neumrs VIR CGRP-R and SP-IR marphometric analysis

I the morphometric analyes of the SP-P variccgities {pm”] a signif-
icantincrease was detectad in the treated groups in espect to control,
bath for jejunum and ileum (p = 0.05). CGRP-IR varicosities (gm®)
were significanthy red voed in the ileum after reatmant with Auvoride
but wer not significanthy altered in the jejumum {p = 0.05). The VIP-IR
varicosities {pm’) were significantly increased in the jejunum and sig-
nificantly decreasad in the lleum upon treatment with flucrde
(p=045] [Tables 1 and 2). Representative images of the immunofie-
rescences are displayed in supplementary infomeation [ Suppleme ntary
Fige 51-54].

Tahle 1

Mazns and standasd e af the val ues of the coll hodies areas and densay of HUDTLE,
NRE- IR and ViIPdE, OERP-IR. and 3-8 valuesof myemenic naunons vanmebes anmsof
the |ummm of rai exposed or not to 2omte dose of E Amimal geage: Contrdl {dedanioed
waker. 0mghL) and PsmgF Kgbw.

Analyms Control Zamghi bw
(el bocdens grezs of the Hol - neumoms 11858 + 3% EE 4 35"
i
Dencry HuCDLIR nr:l.mm-:nﬂ.lm:.i:m’;- 165340 T3ELE S
+ 301" + az43®
{28 hodies ez of the nBOGIE neunans IET 4 1P 008 4 A0°

{m?)

Demesty ni(E- I newroms {newonsiom®) 89588 + 13RO 52198 4 15160

Ama VPR vanoossies () LT 3p+
Ama CLRF- I varioosi ses {pm*) LT 35 + oot
Ama T4 vascosses ) ERIEST 4K 4+ o

Means billawed by different i sgers i the same cobumn e sigrEfiangy diffewnt aooed
g toSadent’s ties (p < O05) { H = &)

Table 2

Meansand sandard emarsof the values of the ool hardies areass and densey af HUCD-IR,
0SB and VIR, CORPAR, and PR wmines of myenises neurons T e s s of
tthe Herm of rars exposad o not oo doss af - Animal groams: Conmod | desomined wa:
ey -0 mgF AL and Zmpk kg e

Aoy Contrd Zamghig e
Gl bu:h:i areas of e Hol 008 neorons =T £ ke T 1
Ty
D::Ej. HolD-IR nearons :rrmmnlsnz;- 1388 12TH6S
i Amas + i
(e o es aneas of e NN IR neurons 3004 4+ 33 IETE + At
{pm)
Do ity MO IR Moo {nedronsfom”) 46571 4 1454% 39056 3 12977
Hrea VIPCIK varicossses {pm ) 33 + o ER ST
Arma CCR PR mricesties | ) 34 o 32 + oif
Hrea SRR variooesses {pm) 8 + o 4515 + 0"

Meaznsioliowerd by different eztersin S1e came imeare gignfi antly deferem 2ooedng o
Shdemf's t-ieat {p < Q) (W= B}

3.5, Poteanuc analysts

The total numbers of proteins identifed by mas spedromsetryin -
Junmum of control and treated group were 282 and 227, respactively.
Amang them, 106 and 51 proteins wene uniquely identifed in the con-
trol and tmeated groups respectively. In the quantitative analysis of
treated v contmel group, 37 proteins with change in expresion were
detected. Most of the protzins with alterad expression we e downregu-
lated in the group treated with Fwhan comp ared with the control groasp
(23 proteins), suggesting that acute exposue to F reduces protain syn-
thesis [Table 511

Fig. 1 shows the subnebwnrks generated by Chasterv ader® forthe
ooxmpanson treated v, contral group of jejunum. Most of the proteins
with altered expression interacted with Dynein Bght chain 7, qeroplasmic
(PE31A0], Solete carrier fomily 2, frclimied murose transpoarter membar 4
(P19357), Polrublpuitie-C ((Q6342), Gap junchion alpho-! protein
[(POROS0 T, Protein deghycase Df-1 (088767 ), Small vhiquirin-related maodi-
fer 3 (QSXIR) (Fig 1A) or Heteropenenws nuclagr ibanwcleoproceimn K
(PET980 ) and Mitogen-activated prolein kingse 3 (P21 708 ) (Fig 1BL

Fig. 2 shows the Functional classification according to the biodogical
process with the most significant term, fr the comparison benaesn
treated v, contmel group Br jejunum. Among them, the caterories
with the highest parcentags of genss wer Adin flament hinding
[14.1%), Calmodulin binding { 14.1% ], Stmactural @nstituent of otoskel-
eton | 125% ] Motor activity | 10.9%) and Hydrogen ion tansmembmne
transporter activity (9.4E)

The total mumbersof proteins identifed by mass spactmomatry in the
ileum for contrel and treated groups were 195 and 183, respectively.
Among them, 68 and 54 proteins we re uniguely iden tified in the cont rl
and treated groups, respactively In the quantitative analysis of the
treated vi contrel group, 36 proteins with change in a:xpresion were
detected Most of the pmteins with altered expression wer downregu-
lated in the proup treated with Fwhen comp ared with the contmod group
[22 pro@ins], suggeding that acute exposur to F reduces protein syn-
thesis (Tahle 52

Fiz. 3 shows the asbnebaorks generated by ClusterMaer® forthe
treated vi contral group of leum. Most of the proteins with altersd ax-
pression interacted with Salure carner fomily 2, boillored giurose mos-
paner menther 4 {P19357), Heterogenaois meckear ribomeclenpronein K
(PE19B0), UV exdsion repair proein RALZS homolog B (Q4EMAZ), Pro-
Iein deghroase D-1 (OBEMGT) and Polyubiquion-C (Q63429) (Fg. 3A) or
Mitogen-activated prosein lease 3 (P21708] and Gap juncoon alpha-1
protein [ POROSO) (Fig. 3B).

Fig. 4 shows the functional classification according to the bickgical
process with the most significant term, b the comparison behareen
treated vs. contml groups for ileum, Among them, the categories with
the highest percentages of genes were Intermediate Alament-based
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g 10 She ool and ESmg g wi groups, respectivedy. The nodes ingray mdicane e inferac sion piobeins shatane ofiered by CYTUSCAPES, which were not idenmified in e presens
stochy and e hight ned and iight geen nodesindc 2 dosmregiason and upregulison, respecsvely In A the aocess numbes nrhe gray nodes cornespand ta £AC-bet seninatirenaine.
e dine {P4T37 ), RAC-aiph i i kinae (P47196 ), Meurocmboin gk (PFRONG), RUP- e prosrin 1 (DIEND), Rsvphoglyoere sunse I (16050, Dymen ligst
ohpin 3, cpplemmic {P6E170), Celoum- goavated podrcsum clhmane ] sebunit alpls- 1 { i2975), Prodsn phosphaise I (Q2020), Colinsurin 8§ hamodogeas prarsn 1 PGS0 ), Snhe
e fiemiy 2, facilitoed pisoe osposter member 4 (PI935, Polynbiquinn-C (Q5349), Grp amotion aiphe-1 prodsio {PORS0 ), Dynsia Spkr chain 1, cptoplermic | #63) 70), Pouein
aheghyomse OF-1 {DSE757 |, Smoall shiquide reboien modifer 3 (QR0IRE), Tasmor necrosts forine | F16558 ) and Cnpomin:] {EXECFST The amess numbers of the unique probem s of the con ool
{chasic nedd modes | comrespond Tothe: Peranimie kinge POM {11350, Phosploie oomer protes, sulischondnial (P16GES), Myssn regulaiery Sght chmin 2, shebind muscle ingloom | B,
kerasin, fype | qpinskeletal 14 106V ), Calcum/orbmodkslin. depe ndent prodein danase fype U mubunit ooms (P11720), Malsl debydrogenss, (oS Beroiedonis- 1
{E3716) and Prelomin A | P42679). The accession mumibers of Sz wmique 25 mgF &g wh |(darkgresn nodes ) protens oornespond to she Tubulin slpha 44 chain (OS], WD
repemt-conimining pavhen 1 (QSRKK), Rab GDPdicronation mibbditar beta (PSO350) and GFP-Sinding muclyr momtain Ren, tertis-spacific trofoom {QEK 556 ). The access mumbers of the
dowmnegulated prots ns (Eght red nodes) comespond © the: Uyoraldshyds. 3 phorphate debydrogen o [POSTIT L L decinhe dabydregrnoe A chain {POSE4 T}, Bongation focor 2
{PUSTET), Hizone H2A fype 2.4 {POCCTR), Malete dekyirogenae, mitchiondriol (OSSN, Tubulin cighs 18 dhain [QEPIVE ), ATP syathee sibumit e, suitor handraal { P10719) and
Cptachrame o sxidene ubunit 7 {PO0S0G) The ar oecs romberns of the upegulased prosins (Bt green nodes) o Shar Aclin, oo enienic cmeak mrucchk (EEAE3) and
Actin, wphsy cheliml murde [PGET3E] in B S 2omees som ees i the gray nodes ovrhes poind o0 Alphe- s bein JIS7 277, S rebeied francoripsion foctar 7 (96, Hedencgensnan
ke ribiamacls pratein & | PS1SES), Milegen -anthvaied poodein lngce 3212 7R | Dhotrephin (P11530), German, iype | opinslelind 19 (067779) and Tod- inlemntng poodein [ AZRLWT )

The ancees mumbers of the unque prohe e of e onmol {darkred nodes) comespond o the: Tubulingiphs-2 chain (EAYSE). Homendror pratein cat-lile 1 {PS3565), Deltaf 3, 5) Dl
(24 e meyliCoA tomerase, srifochondnial ((EE51 ), Acin releied prafein 25 coopder subusdt 3 (B3T3, Jnierkenkin.] rece ofor acceccasy prafen (ORI ) and OEAD FAcp- (- Ale

den ! box podypenicle 5 {GSAYT ). The accession numbers of the umique 238 mgfkz wh (dadc green nodes) progsing cormespand D the: Cyinpecmic deasmn 1 dght intermadiol chain 1
(OE0A M), Tramgedin:2 (SN0 and Sees- 10 profein, minckominial {PEETI1 )L The acess numiers of S downnegulzed potans (Bpht red nodes camespand o the: TP synther
sttt alpha, mminchandinial |P19998) and Kemtin, fype I rinsbelatal 8 | Q10P5E ). The aoosss numbe s of she mpreguiated proteins (lght geen nades) orespond 1o the 30 Actie sy

corctiar mmencle 1 FEE03% ) {Far inferpretaion of the neference focalar i this figure legend, e neader is pdemed o the web versian of this amcke )

process {21%), Oxygen ranspont {12%), Regulation of mitoc hond dal
membrane permeahility imvohred in apoptotic process (9%, Positie
repulation of lipid kinase activity (9% and Cellular msponse to nitdc
oide (EE)

4. Discusion

The presentstudy was designed to evaluate proteomic and mompho-
legical alteration £ in the jej unum after aqate exposure to F. The dose we
adrministered to rats {25 mgFke body weight ) mimics the probable
towic dose [FTD) for humans, which is 5 mgF/Kg body weight
[Whit ford, 2011). This happens bacause rodents metabalize F 5 times
faster than humans | Dunipace ot al, 1995 We did not attempt to sim-
ulate the therapeutic doses of F for caries contml, since in this caze we
usually have lower doses of fluaride administered along time, ie,
chronic exposure, which was evaluated in our previous sthudies
[ Dionizio et al, 2018 Meloatal, 3017). However, in cases of topical F
application of fluoridated gels especially in younger children, the PTD
related ta anute exposure can be reached and gastraintestinal dgnak
and symptoms might be obeerved [Whitford, 2011).

Underacute exposure to F, the majority of the proteins with altered
mpresson were downrerulated both in jejunum {Takle 51 ) and ileum
[Table 52). These results indicate that acute exposure o F reduced

prtein synthesis in distine segments of the gut The subnenvarks for
the comparison between the group treated with 25 maf Kz bw vs con-
trol, both for jejunum (Fg 1) and Jeum (Fig. 3], miealed that mostof
the proteins withalte redexpresion interacted with Sohire carrier family
2 jocilitated glicase monsporter member 4 [GLUT4; P19357),
Polyuhiquirin-C [ 63429, Mitogen-activated protein Wnase 3 (MAFK3;
F21708) or Heterogeneoies niclear nbomecleoprotein K [P61980 ). Inter-
estinghy, the first 3 interacting partnerswere aleo present in t he suhnar-
wark comparing the proteins differentially epressedin the jejumm of
rats chronically treated with 50 mgfF/ L F when compared with contmd
(Dionizie ot al |, 2018} CLUTS is imvehead in ghicose transport. Ina re-
cent report by our groap, in which protecmic analyss was conducted
in the muscle and liver of diabetic @i, we chservad that exposure to
Falterad many protzins that interacted with CLUTY and could impair
its function (Lima Leite et al . 2014; Lobo et al, 2015). In the present
study, a plethora of proteins that interacted with GLUT4 and are in-
vohved in ens rey meta bolism, espacialty of carbohydmtes, were educed
or even absent in the jejunum upon aqite exposure to F, such as Malate
defipdrogennse, mitochondnal { POWGIE ), Malate defydmgenase, cytoplas-
mic [OB89ES), [-lactote dehydmogenase 4 chain [PO4642), Fynnvate ki-
mxse FKM [P11980) and Glyceraldehyde-3- phosphare defydmogenase
[GAPDH; POITST), while Make dek cytoplysmic (OER989],
Loctore dehydrogemnase A chain {PR4EAT] and CAPDH (PO4TOT) wene
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akoin the ileum upon exposune t F. These Andings indicate a great im-
pair in enerey metabolian (especially of carbohydrates) in the jejunum
and ileum of rats upon acute exposure 1o F, being the jejunum maore af-
fectad than the fleum. Thes findings are somshow expectad, snce the
enzymes imohed in energy motabolismare highly affected by F.atleas
under chmnic exposure to this ion [Amujo ot al 301Y9; Dionizio ot al.,
2018; Peretraet al, 2018). In addition, ATP synthase swbwnir beta, mip-
chondrigl (F10713) and ATP synthase sebunit alpha, mitochondrial
[P15999), key enzymes in respiratory chain, were dowmregulated in
the jejunum after acute F exposure, which comoborates the impair in
thie energy matabolism It haz been reportad that expression of ATP sym-
thase suburit beta, mitachondrial s reduced and correlated with ATP
contentinthe lvers of type 1 and type 2 diabetic mica, while hepatic
overaxpressonof ATP synthase subumnir beta, mitochondrialincreasescel-
lular ATP content and 1 ppreses ghiooneogs nesis, leading to hyperzhy-
cemia amselioration [Wang et al, 2004).

Folyuhiquinn C[Q63429] iz a highly conserved polypeptide thatis
covalenthy bound to other cellular proteins to signal proceses suchas
protein degradation, protein /protein interaction and protein intracelhs-
lar trafficking {Ciechanower and Schwartz, 1908 In the present study,
some of the above-mentioned proteins that interacted with GLUT4
alz interacted with Polyuebiguitin O Another protein that interacted
with Folyubiguinn Cis Perariredoodin-1 (Q63716] that was absent in
thee jejunum wpen acute exposure o F. Perooiredodin-1 plays an impor-
tant mele in cell protec ton agains cocdative stress by detotifying peros-
ides and acting as sensor of hydrogen perosid e-med iated signaling
events [UniProt 2019) In balance in the coidan tfan rexidant defnse
iz a commaon affect of F (Armujo et al, 2019; Barbier et al, 2010 lano
atal, 2014).

MAPKS [F2108] or extracellslar-signal egulated kinases {ERK1)
are afamily of proteins that act as intermediares in the signal transduc-
tion cascades trigee red by extracelhilar signals af membrane receptors,
through reversible protein phosphorylation, constituting one of the
main meach anisms of celhilar communi cation. They seem to be unive rsal

components of signal transduction mechanisms since multiple foms
hawve been identified ina variety of organizms | Dinsmare and Sonan,
2018, Hymowitz and Malek, 2018). One of the proteins interacting
with MAPKS is Tnonsgefin-2. Increase in this prot=inis assoclated wath
the development of cancer, while its 2up pre=ion leads to inhibition of
ell profifemation, invasion and metastasis (Yakabe et al, 2016). Re-
cently, transgelin was shown to be increased in colorectal cancer
(Zhou et al. 2018} and was ugpestad a5 3 potential biomarker for can-
cer as well a5 a pabential new target for cancer treatment [ Meng et al,
2017). Im our shudies, Tronsgelin-2 was increased in the jejunum after
acute exposure to F, bur was absentin the ileum afer acute sposure
o F. The meason for thisd iffe rential pattern of expressonisnot apparent
at the moment but could posdbly be related to the different character-
istics in inestine sepments, which should be evahmted in further stud-
ies. Interestingly, another pmtein involved in the control of cell
profiferation | Smes- 70 protein, mitochondrial; PAST21) was identified
exchizively in the jejunum afer acute F exposure. In the jejunum,
Smess-70 protein, nutochondrial also interacted with Heterogeneois m-
claar ribanuclesprotein K that was also an interacting player in the
ileum. Thiz pratein is one of the major pre-mENA-hinding proteins,
playing animportant roe in p53/TP53 eponse to DMA damage, acting
at the level of both transon ption adivation and repression, being neces-
zary for the induction of apoptosiz. In the: jejunum, another identified
protein that interacted with Heteroge reaws meckar ibanudeapratein K
was DEAD [Asp-Ghe-Alg-Asp) bae polypepiide 5 (DDXS; QRAYIT), an
ENA-binding protein overexpressad in varous malignant twmaors
[Janknecht, 2010), since it causes growith (Saporit@atal, 2011) and me-
@stags {Yang et al, 2006}, through actvation of several oncogenic
pathways (Yangat al, 2006). In the present study, however, DDXS
was absent in the jajunum upen acute exposure to F I has been e-
ported that depletion of DDXS causes apoptosis by inhibition of mam-
malian target of rapamycin complex 1 (mTORCT) [Taniguchi et al,
2016). Auonde-induced a poptosishas been widely eportedin the liter-
arure [ Barbier et al., 2010 Ribeiroetal, 2017 ). In the dleum, Elongagon
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Jocior T-glpha 1 | EF-1 et PE2630) that inteaa ed with Heterogenemes me
claar ribomecleo protein K was reduced uponanute exposure to F, which ks
alzo related toinduction of apoptess, since elevated levels of EF-1 o are
obsmved during neoplastic transformation and in tumers (Grant etal,
1002}, In-line with this, Aldshyde dehydmgenase, mitochondnial
[ALDHZ; P11884) was absent upon acute expoaure to F. Phamacologi-
cal inhibition of ALDH2 per s induces mitochondrial dysfunction and
cell death {Mall o al. 2018). These findings are impoartant bacause
some reports incemectly asociate Fexposure with the incidence of o
teasarcoma | Bassinetal , 2006; Rameshet al 2001 | and bilad der cancer
(Crandjean et al. 19892}, Our Andings, however, give additional suppart
to the sfety of use of F on this aspect, Snce even when administerad in
a high dose as inthe present sudy, Fcauses alterations in several pro-
teins that lead to apoptosis instead of cell proliferation.

Most of the proteins that interacted with MAPK3 both in the jeju-
mum and ileum are assocated with ortoskeleton and some of them
are actin-binding proteins (AEPs). Actin is one of the most abundant
proteins ineukanrotc celk, pamicipating in diferent cellular processes
such as cell differentiation, proliferation, apoptosis, migration and sig-
naling (Kristoetal, 2016). ABPzame highly abundantand directly partic-
ipate inthe modulaton ofcell proceses throwgh the regulation of actin
oytockeleton {Artman et al, 2014] Interestingly. Transgelin-2
(Q5XFX0), an ABP, was ahsent in the fleum, but identifisd exclusively
in the jejunum after acute exposure to F. This protein regulates the
actin cytoskelaton through actin binding and sometimes participates
in oytoskeleton remodeling (Dvorakovaet al. 2004). In line with this,
it isimporant to highlight that the categorieswith the highest percent-
ape of asspciated genes, as revealed by func bonal dassification, wer

(Mgt red nodes) core-spond to She Tububn bein-JA chatn (PES108) and Bengebion focor 1-aipha 2 {PESSIE) (For

som of the mefe 0 oiior in this figune legend, the

acting Alament binding [ 14.1%) and calmodulin hinding (14.1%] for
the jejumm {Fig. 2} and organization of intermediary filaments [21%)
forthe deum{Fig 4L Alkemtons in proteins invoheed in the otoskeleton
might explain some of the marphological findings of the presant shady.
Bothin the jejunum and ileum, the thickne= of the tunica musoulans
was signific antly decreased in the group that received the acute dose of
F, when compared with control This allemtion i considerad as one of
the peeshle explanations for the impairment of the intestinal motlity
upon exposure to F [Viterd and Scheider, 1974). For the inhibitory con-
trol of the matlity, the main neuntransmitters imohed are MO and VP
(Benamrach, 2007 ). In this s nse, in our study MO was demeased in both
segman ts while VIP was inoreased in the jejunum and decreased in the
ileum. Thes findings agree with those found by cur goup in the duode-
mum [ Maloat al, 2017} and jejunem | Dionizioet al, 2008) of mts chron-
ically treated with water containing 10 and 50 mgF/L

Contrarily to which was ssen in the chronic treatment of j2junum
[Dionizio ot al_ 2018} and lleum | unpublished data), upon the acute -
posure 13 F the organism might not have had fime to adapt to its taedc
effect, which means that the lessof energy may have not been = paired.
Acconding to the literature, some of the initial symptoms of acute toic-
ity ame generalized weaknes, doop in blood presaue and disorie ntation
[Buzalaf and Whitfand, 201 1; Whitford, 2011), which might be caused
ty decreasad energy kevels in the body.

In surnmmary, our results when analyzed in con juncrion, sugzest that
the gastmdntastinal armptomes found incases of acute F exposure might
be related to the morphological alterations in the mut {decrease in the
thic kmess of the tunica musculanis} that, at the molendar level, can be
explained by alterations in the gut vipermic innenaton and in proteins
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A Drioicsy ol [ S of B Toind Fadwomment 7471 F200N0 150809 T

25 mgF/Kg vs. Control

m Formation of wanslation peasitiaios comples.

m brermediate Blameit argmnlmtion

= Iatermedi e e bundle mezmbiby

B Pouibire regalanon of arcadia e wake cvde, noo-REM
eyt

= Oaygom amogt

5 Cel & Srmbaton moelved m anbrromc placmia
develmpmum

8 Cellular respor=e to mimc omde

® Positvve regulation of lipid kinass acnarny

® Actin Blament-hasd sranpart

m Regulation &f milochemdnal meshrans pamealnhey
imvaiverd in apapletic prooes

= NAD meisholic proces

= hduscle filament shiding

Fig. 4 Fumcoonal desritamion of prosms densfi ed wi s firenmal express an inthe deum of rasexposad anme dose of 25 mgk A wh . Conmol Group {0mgkd L Caegomes of potens
‘based on COammoEson Biobogcal Pocess. Terms signsficant (Kappa = 0.04) 3nd dissnibamon somonding 1o percemage of num'ber of @@nes. Potesns Jorss num'ber was prowded by the
UMIPROT. The gene ontodogy' was eainged Jornding to Chelo® plapgn s of OYTUSCAPED sofreare 340 {Bindea of 2 2008, 5013)

that regilate the g eskaleton. These Rndings help toexplain the gastmo-
imtestinal signs and sym proms reportad incases of aoste F toeicity.

Supplementary data to this article can be found online at hittp s/ Adoi.
org 1. 1016/ scitode oy 2020, 1404 19,
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